High precision viscosity measurements of electrolyta Solutions were wed to obtain information about interionic interactions. In solutions of tetramethylammonium (TMA) silicates values for the A and D coefficient in the Jones-Dole equation were found to be significantly higher than for sodium and potassium silicate solutions. Ion association between cations and anions in the silicate solutions investigated is excluded by EMF measurements. The A and D coefficients of solutions which contain both alkali metal and TMA silicate were in the range of the values of alkali metal silicate solutions. As an explanation for this behavior we suggest that hydrophilic and hydrophobic structured solvent regions are present around respectively the silicate and the TMA which cannot overlap. This causes a repulsion between theee ions superimposed on the electrostatic attraction.
Introduction
In zeolite syntheses organic cations (for instance quarternary ammonium ions) play an important role as structure determining agents. The type of zeolite formed is dependent on the organic cation. At present it is not clear what processes are involved in the syntheses and how organic cations influence those processes. The influence of tetraalkylammonium (TAA) ions on silicate ions is also present in homogeneous solutions of TAA silicates. Hoebbel et al.'p2 found that TAA ions influence the structure of the silicate ions. The silicate structures are quite characteristic for the particular TAA ion present. The TMA ion induces formation of the cubic octameric silicate ion (SisO209, while in the presence of tetraethylammonium ions mainly the hexagonal prismatic silicate ions (SbO1&) is found. The fact, that the type of cation determines the kind of silicate ion present indicates that interactions between cation and silicate ion are very important for the structure formation. In order to obtain basic information on these interactions, we studied silicate solutions rather than the systems encountered in zeolite syntheses because of the more complicated composition of the latter.
In 1929 Jones and Dole3p4 described viscosities of electrolyte solutions in terms of interaction parameters, using the equation In these equations pr is the relative viscosity, c is the molar concentration, and A , B, and D are the Jones-Dole coefficients.
The A coefficient describes the long range electrostatic interactions. Shortly after the papers by Jones and Dole, Falkenhagen-and Onsagerg developed a theory for pLr = 1 + A&+BC pr = 1 + Ac1I2 + Bc + Dc2 Chem. 1986,521,6148. calculating the A coefficient of solutions of strong electrolytes. Falkenhagen starts from an ionic distribution (according to the Debye-Hackel theory) which becomes distorted by simple shear. The movement of the ions toward their equilibrium position cauaes an increase in viscosity. The A coefficient can be calculated by taking the space integral of the product of the ion concentration with the shear-induced disturbed potential.
The variables in the Falkenhagen equation are the mobility and the charge of the ions. For mixtures of electrolytes, no theoretical equation is available.
According to QuintanalO the A coefficient of weak electrolytes is smaller than calculated with Falkenhagen's equation. The contribution of the long range electrostatic forces to the viscosity becomes Where A o k d is the experimental A Coefficient, AFis the A coefficient of the electrolyte calculated by the Fakenhagen equation, a is the degree of association, and c is the concentration.
In 1965 Stokes and Mills" gave a semiquantitative theory for the B coefficient, taking into account hydrodynamic effects as well as ion-solvent interactions
(4)
Bh is the hydrodynamic contribution which can be compared with the Einstein coefficient for viscosities of suspensions, Borient is the contribution by changes in orientation of the solvent molecules, and B,t, is the contribution of the structure building or breaking effect of the ions. Breinf is a term added by Krumgalz12 caused by the hydrophobic hydration.
The B coefficient describes single ion contributions. According to DordickI3 it is possible to cdculate the B coefficient of mixtures of electrolytes by summation of the B coefficients of the pure electrolytes. At present it is not clear what processes are involved in the syntheses and how organic cations influence those processes; but in closely related systems coacervation (separation into two liquid phases) has been reported.14 Such coacervation may indicate complex formation between silicate and tetraalkylammonium (TAA) ions based on special interactions. The supposition that such special interactions exist is corroborated by the fact that there is an influence of TAA ions on silicate ions in homogeneous solutions of TAA silicates.
In the present investigation A, E, and D Coefficients were obtained for solutions of TMA silicate, sodium silicate, potassium silicate, and mixtures of TMA and alkali silicate solutions. These values were compared with each other and with the coefficients of other electrolytes. Equation 3 brings into account the influence of association on the A coefficient. McCormick et al." has recently shown that in solutions of sodium silicates, ion association takes place. Therefore deviation from Nernstian behavior was investigated by means of ion selective electrodes for sodium and potassium ions.
Experimental Section
Determination of Nernstian Behavior. Materials used were as follows: sodium hydroxide, ex Merck Titrisol; sodium chloride, PA., ex Merck; potassium hydroxide, ex Merck Titrisol; potassium bromide, PA., ex Merck; precipitated silica, ultra pure, ex Merck; twice distilled water.
The procedure used was as follows. The emf as function of the concentration for the bromide, hydroxide, and silicate salts of sodium and potassium was determined with the Orion Autochemistry System 940/960 (i.e. an Orion EA 940 pH/ISE meter, combined with a microprocessor, a disperser, and an electrode tower holding two standard sized electrodes), using the "serial calibration" standard option permitting measurement of emf concentration curves. For the silicate solutions the alkali mewsilicate molar ratio was 2:l. The potentials were measured with a Corning sodium selective electrode for the sodium salts and a Philips potassium selective electrode for the potassium salts against an Orion double junction reference electrode. Viscosity Measurements. High-precision viscosity measurements were carried out with an Ubbelohde capillary viscometer. The flow time of pure water in the viscometer used was about 185 s. Acorrection factor for the kinetic energy was applied, using values supplied by the manufacturer; such corrections always were <0.5 % . The corrections for the surface tension were included by using the formulam Langmuir, Vol. 9, No. 9, 1993 2277 g is the acceleration of gravity, h is the average driving head, d, is the average diameter of the upper meniscue in the working capillary, and dl is the average diameter of the lower meniscw in the working capillary, sample and water, respectively, c o d for loes of kinetic energy.'*J@ Materials used were as follows: tetramethylammonium hydroxide pentahydrate (TMAH), 97%, ex Janssen Chimica; sodium hydroxide, ex Merck Titrisol; potassium hydroxide, ex Merck Titrisol; precipitated silica, ultra pure, ex Merck; twice distilled water.
The procedure used was as follows. Stock solutions were made with a base to silica ratio of 2:l. The cation composition was expressed as the molar fraction TMA of all cations. For mixturea of sodium and TMA silicate, TMA fractions of 0,0.26,0.5,0.7, and 1 were used and for mixtures of TMA and potassium silicate, TMA fractions of 0,0.25,0.5,0.75, and 1. Eight samples of each stock solution were prepared in the concentration range 0.02 I c I 0.7 M based on the cation concentration. At the higheat concentration silicate composition was determined by a method described by Groenen.al No significant differences in silicate composition were found for sodium and TMA silicate solutions. Before measurements the solutions were fiitered through a glaee fiiter. Viscosities were measured using a Schott Ubbelohde viscometer Oa and a Schott viscosity measuring unit, AVS 310 (f0.01~). The temperature was fiied on 26 OC with a LKB 7600 A precision thermostat (f0.001 "C). Densities were measured with an Anton Paar DMA calculating precision density meter (fO.ooOo1 g/mL). Measurements of the surface tensions were carried out with the Kriiee tensiometer KT 10 (f0.l mN/m) wing the Wilhelmy plate method. Surface tensions were found to be dependent of time. This is thought to be due to a slow approach to equilibrium. As liquid in the Ubbelohde viscometer is moving, the surface is not in equilibrium. Therefore the initial surface tension was used for the surface tension correction.
where Cis the calibration constant for the viscometer, subscripts c and t refer to calibrating liquid and test sample, respectively, In Table I all measured relative viscosities of the silicate solutions are presented as function of the molar concentration. Table I1 gives the coefficients of the extended Jones-Dole equation, for the five ratios of TMA silicate and Na silicate. Table III gives These uncertainties are about 5% for the A coefficients and approximately 1 % for the B and D coefficients. The straight lines through the B coefficients are the theoretical lines based on Dordick's13 additivity rule calculated with data provided by Out16 (eq 5).
Discussion
The precision of the coefficients permits us to conclude that in Figure 2 the curves of the A and D coefficients are significantly convex toward the X axis. For ratios up to 0.7 the B coefficients can be described as straight lines.
The BCoefficient. The B coefficients were in the range of 0.24-0.32 dm3 mol-1 for mixtures of sodium and TMA silicate, and for mixtures of potassium and TMA silicate they were in the range of 0.184.29 dm3 mol-'. Out16 found for sodium chloride 0.078 dm3 mol-', for potassium bromide -0.0468 dm3 mol-', and for TMA bromide 0.076 dm3 mol-'. The difference in B Coefficients between the halogenides and the silicates indicates that the contribution of the silicates to the B coefficient is large. As silicate ions have a hydrophilic hydration, the large B coefficient is most probably due to a large Bet, in eq 4. This means that silicate ions have large structured hydration regions and can therefore be considered as structure builder.
According to the additivity of the B coefficients, the curve for sodium TMA mixtures should have been a straight line, described by B ( X ) = B(X = 0) + X(BTW -BNa) (6) where BTW and BNa are the ionic B coefficients of the TMA and sodium ions and X is the fraction of TMA of all cations. The slope can be calculated from B coefficients van der Donck and Stein Vol. 9, No. 9, 1993 2279 large structured solvent regions around ions can cause a deformation of the Debye-Hiickel ion cloud. The hydration shell will hinder the approach of the counterions. In fact the result of the deformation of the ion cloud, c a d by the structured region, is an increase in average ioncounterion distance. This means that the attraction between TMA and silicate ions is, on the average, less than would be expected on the basis of the charge and dimensions of the ions themselves. The influence of this enlarged ion-counterion distance on the A coefficient is large. As the distance between ion and counterion is large, the shielding will be diminished. A consequence of this is that the potential does not drop as fast with the distance as for the Debye-Hiickel ion cloud in the absence of structured regions around the ions. At large distances from the ion, the deformation of the ion cloud in a shear field is more pronounced. As the potential is large, compared to the Debye-Hiickel ion cloud, the disturbed potential is also large. In solutions of TMA silicate the counterions are present at a larger distance from the central ion than for sodium silicate. At large distances from the central ion the disturbance of the potential is larger than close to the central ion; thus the space integral of the product of counter ion concentration with the disturbed potential is larger as well.
Thus the large A coefficient of TMA silicate can be explained by an increased TMA-silicate distance because of the different hydration regions of TMA and silicate which do not overlap. This is supported by the form of the curve in Figure 2a . The curve, convex to the X axis, shows a large influence of sodium on the A coefficient. The average TMA-silicate distance is larger than the average sodium-silicate distance. In mixtures of TMA and sodium, the effect of the TMA is small because sodium can approach the silicate closer than TMA. The mean ionic distribution does not differ much from sodium silicate and gives rise to an A coefficient which is in the same range as the A coefficient of sodium silicate.
The A coefficient of potassium silicate is distinctly smaller than the A coefficient of sodium silicate. The electrode calibration curve for potassium silicate, as shown in Figure lb , is perfectly parallel with the curves of potassium bromide and potassium hydroxide. Ionic association would have been visible as a decrease in slope. The Nernstian behavior for potassium silicate excludes significant association. As potassium has a higher mobility than sodium, the difference in A coefficient between potassium and sodium silicate conforms to the Falkenhagen equation. The curve of the A coefficients in Figure  2b can be explained with the same mechanism as for mixtures of sodium and TMA silicate. The curvature is more pronounced for potassium-TMA silicate mixtures than for sodium-TMA silicate mixtures. Very mobile potassium ionswill have more influence on the A coefficient than ions with lower mobility in decreasing the A coefficient.
The DCoefficient. For the curve of the D coefficient as a function of the cation composition we find the same general form as for the curve of the A coefficient. The D coefficients of sodium silicate and potassium silicate (0.087 and 0.064 L2 mol-2) are comparable with those of TMA bromide (0.059 L2 mok2), sodium chloride (0.013 L2 mok2), potassium bromide (0.01 L2 mol-2), and other common electrolytes found by Out.16 The D coefficient of TMA silicate is much higher (0.220 L2 mob2), and a curve convex toward the X axis is found for the mixed compositions.
The high value of the D coefficient for TMA silicate indicates the presence of additional interionic interactions. found for TMA silicate, does not conform with the additivity rule.
An explanation for the small B coefficient of TMA silicate is the difference in hydration of the ions. Silicate ions are hydrophilic structure builders and TMA is a hydrophobic structure builder. Frank and Evans23 suggested that these two hydration types are of a different origin. Therefore these different structured regions do not overlap. The small B coefficient of TMA silicate can then be explained by the assumption that at points of contact of hydrophilically induced and hydrophobically induced solvent regions structure breakdown occurs.
The A Coefficient. The A coefficients of TMA, sodium, and potassium silicate found in this investigation were 0.0266,0.0099, and 0.0056 moP5, respectively. According to the Falkenhagen theory the A coefficients of TMA and sodium silicate should not differ more than 10 % , as the mobilitie of TMA is less than 10% larger than that of sodium. However the A coefficients of TMA silicate is 2l/2 times higher than that of sodium silicate. This can be explained by two possible ways: Either the A coefficient of sodium silicate is small because of association or the A coefficient of TMA silicate is exceptionally large.
If association takes place, the degree of association can be calculated with eq 3. This leads to a degree of association of 86 % . Association of sodium silicate would strongly influence the emf-concentration curves of Figure  1 . A degree of association of 86 % would lead to a potential drop of 51 mV with respect to the value observed in completely dissociated salt solutions. For the hydroxide solutions the slope of the emf-concentration curves increases at high concentration. This is most probably due to deviations of the ion selective electrodes at high pH. This takes place at pH > 13.3. The pH of the silicate solutions in the concentration range of the viscosity measurements is always lower than that of the critical pH value. Therefore it does not effect the results. As the emf-concentration curve of sodium silicate does not have a slope different from the slopes of sodium chloride and hydroxide (at low concentrations), the degree of association in sodium silicate silutions is less than 5% in the concentration range investigated. Association of potassium silicate can be excluded on the same ground. The A coefficient of sodium silicate is not small because of association.
This leaves an exceptional large A coefficient for TMA silicate. According to Frank and Evans23 the presence of (23) Frank, H. S.;Evans, M. W. J. Chem. Phys. 1945,13 (ll) , 507-531.
As the D coefficients of TMA bromide are quite small, it is not likely that this interaction occurs between two TMA ions. Nor does it take place between two silicate ions because of the small D coefficients of sodium and potassium silicate. Therefore the additional interaction in TMA silicate solutions occurs between TMA and silicate ions. Because of the electrostatic interactions TMA and silicate ions attract each other. At a certain ditance the hydration shells touch. As the hydration layers have a different structure, they cannot overlap. This causes a repulsion between TMA and silicate ions which has its effect on the D coefficient. The form of the curve in Figure 2 can be explained by the difference in equilibrium distance of the cation with the silicate ions. The sodium ions can move closer to the silicate than TMA. The electrical attraction between TMA and silicate ions diminishes because the silicate is shielded by the sodium ions. This causes a diminished interaction between TMA and silicate ions.
Conclusions
By comparing A, B, and D Coefficients with each other and with literature data, information is obtained about van der Donck and Stein interactions between ions in solutions containing TMA ions and silicate ions. The large B coefficients indicate that silicate ions are structure builders. For mixtures of TMA and alkali metal silicates the B coefficients are additive for TMA fractions up to 0.76. The large D coefficient found for TMA silicate, compared to the D coefficients of TMA bromide, sodium silicate, and POtassium silicate, shows the presence of strong solutesolute interactions between TMA and silicate ions. The analyses of the B and D coefficients support the explanation for the large A coefficient found for TMA silicate. In the absence of specific hydration effects the A coefficient of TMA silicate should have been the same for TMA and sodium silicate. The large A coefficient can be ascribed to the deformation of the Debye-Hiickel ion cloud as a result of strong hydration shells around the silicate and the TMA which do not overlap.
